We give an overview on the historical development and current program for lattice location studies at CERN's ISOLDE facility, where the EC-SLI (Emission Channeling with Short-Lived Isotopes) collaboration maintains several setups for this type of experiments. We illustrate that the three most decisive factors for the success of the technique are access to facilities producing radioactive isotopes, position-sensitive detectors for the emitted decay particles, and reliable simulation codes which allow for quantitative analysis.
Introduction
Emission channeling (EC) relies on implanting single crystals with radioactive probe atoms that decay by the emission of charged particles such as α, β − or β + particles or conversion electrons, which, on their way out of the crystal, experience channeling or blocking effects along crystallographic axes and planes. The resulting anisotropic particle emission yield from the crystal depends in a characteristic way on the lattice sites occupied by the emitter atoms and is recorded with the aid of position sensitive detectors. Quantitative analysis is performed by fitting experimental emission yields in the vicinity of major crystallographic directions by theoretical patterns calculated for emitter atoms on different lattice sites. In comparison to conventional lattice location techniques by means of ion beam channeling, e.g. Rutherford Backscattering/Channeling (RBS/C), the main benefits of emission channeling are a roughly four orders of magnitude higher efficiency and the ability to easily study also elements lighter than the host atoms. These facts allow performing detailed lattice location studies with very good statistical accuracy at low fluences of implanted probe atoms, usually as a function of implantation or annealing temperature of the very same sample, which is not feasible by other methods.
Several review papers addressing various aspect of the emission channeling and blocking method have been published in the past [1−8] . In this contribution we approach the subject by giving a historical overview of the development of the technique. As will be shown, the combination of three key ingredients played a crucial role in establishing emission channeling as a technique that nowadays accounts for a significant part of lattice location studies found in the literature: a) facilities where beams of radioactive ions can be produced and implanted into materials, b) position-sensitive detectors suitable for the specific particles emitted in nuclear decay, c) simulation codes that allow to reliably predict the angular-dependent emission patterns for different lattice sites. Some selected examples will be used to illustrate recent fields of work of on-line emission channeling experiments at CERN's ISOLDE facility, including a brief outlook on future developments. [13] . While in all these cases the radioactive isotopes were introduced into the samples by means of an ion implanter at the home laboratories, their origin or preparation was not described in any of the publications. 1965 First α blocking lattice location experiment by Domeij and Bjørkvist (Stockholm) [9, 10] 1965 Emission channeling with conversion electrons by Astner, Domeij et al (Stockholm) [10, 11] 1965 Emission channeling with β − and β + by Uggerhøj and Andersen (Aarhus) [12, 13] 1981 Revival of emission channeling by Lindner, Wichert, Deicher, and Recknagel (Konstanz) [1, 14] 1984 [5, 6, 18] 1996 First use of Si pad PSDs (22×22 pixels, 25 events/s) for off-line electron emission channeling (Wahl, Correia, Jahn, Vantomme, et al from IKS Leuven, ITN Sacavém, and ISOLDE) [7, 19, 20] 2007 ISOLDE on-line electron emission channeling setup equipped with fast Si pad PSDs (3000 events/s) for short-lived isotopes (EC-SLI collaboration)
Historical remarks
[21] Although it was realized at that time that emission channeling and blocking was capable of giving direct information on the lattice sites of the radioactive probe atoms, it was not established immediately as a major experimental method for that purpose. This was due to the fact that the number of suitable and easily available radioisotopes, as well as the access to ion implanters that could be used with radioactive probes, was limited. However, in the 1980s the technique was revived by Lindner, Wichert, Deicher and Recknagel from the University of Konstanz in Germany. Their work was motivated by the wish to combine studies characterizing the atomic surroundings of a radioactive nucleus by means of hyperfine interaction methods such as perturbed angular correlation (PAC) or Mössbauer Spectroscopy (MS) directly with emission channeling lattice location experiments performed on the same sample. The first experiments in 1981 were carried out using the well-known PAC probe atom 111 In (t 1/2 = 2.80 d), which was implanted in single crystals of Cu [1, 14] . The channeling effects of 145 keV and 219 keV K-conversion electrons proved that the 111 In occupied substitutional lattice sites in Cu. The 111 In isotope used for the studies was commercially available and could therefore be bought and introduced into the samples at the home laboratory by means of an ion implanter. However, in order to make the method more versatile, access to a wider range of radioactive isotopes was needed, and in 1985 the group therefore began to conduct experiments at the ISOLDE on-line isotope separator facility at CERN [1] [2] [3] [4] [5] 16] . At ISOLDE, currently more than 800 different radioisotopes of 60−70 chemical elements can be produced by nuclear reactions and are available as 30−60 keV ion beams, which is a very suitable energy range for implantation of emission channeling probes. In 1984 the quantum-mechanical "manybeam" formalism had been successfully adapted in order to simulate electron emission channeling effects [1, 15] . However, it took about 10 more years until this approach had been developed into a truly quantitative method of analysis [4, 5] , and considerable progress in computing power was required before it could become routinely used [7] .
The year 1990 saw the first application of position-sensitive detectors (PSDs) using the principle of resistive charge division for the detection of α emission channeling [2, 5, 6, 17] . The method of obtaining two-dimensional patterns recorded by a PSD instead of rotating the sample step by step in front of a collimated non-position-sensitive detector (which was used in all previous experiments) increased the efficiency of the experiments by about 1−2 orders of magnitude. This experimental breakthrough was closely followed by adapting the Monte Carlo ion beam simulation code FLUX for applications in α emission channeling [5, 6, 18] , which then also allowed fully quantitative analysis of this type of experiments.
In 1996 a further milestone was the implementation of Si pad detectors, consisting of 22×22 pixels (1.4 mm pixel size), for the detection of electron emission channeling [7, 19, 20] . While the first such PSD was only capable of taking data at a count rate of ~25 events/s, it proofed already an excellent tool for lattice location experiments of long-lived radioisotopes emitting β particles or conversion electrons. When new readout systems allowed to upgrade the count rate of the pad PSDs to ~3000 events/s, the time was ripe to finally install an on-line setup equipped with such a PSD for electron emission channeling with short- for short-lived isotopes, three more experimental setups are available for off-line experiments with long-lived isotopes at ISOLDE. To date, around 238 publications and theses are known to the authors that address emission channeling and blocking lattice location experiments, reporting the use of ~80 different isotopes and decays of ~50 chemical elements (Figs. 1+2) . Besides some work on metals, the vast majority of studies concerned the field of dopants and impurities in semiconductors. Some of the highlights over the years were for instance direct evidence for substitutional ion-implanted indium dopants in Si [22] Mg [29] . The best fits to the experimental patterns are shown in Fig. 3 (b) and represent a linear combination of 63% of 27 Mg on substitutional Al sites (S Al ) plus 32% near interstitial octahedral sites (O). For comparison, the theoretical patterns corresponding to 100% of emitters on S Al sites and near O sites are shown in Fig. 3 (c) and (d) , respectively. That the interstitial O sites contribute to the experimental patterns is clear from the fact that the channeling effects along the (01−10) planes are less intense than is expected for pure substitutional Al site occupancy. A detailed analysis showed that the possible displacements of the substitutional Mg from ideal Al sites are at maximum 0.1 Å. Performing the measurement for an implantation temperature of 500°C, the interstitial 27 Mg is completely converted to substitutional Al sites, from which an activation energy of 1.1−1.7 eV can be estimated for the interstitial migration of Mg in AlN. These experiments represent the first successful lattice location of Mg in a semiconductor.
Conclusions and outlook
An overview was given on the historical development of the emission channeling and blocking technique for lattice location of radioactive probes in single crystals. We illustrated that the three most decisive factors for the success of the technique are access to facilities producing radioactive isotopes in sufficient quantity and purity, positionsensitive detectors for the emitted decay particles, and reliable simulation codes which allow for quantitative analysis.
With respect to future milestones, the focus is today on the use of position-sensitive micro-pixel detectors of the Timepix type [30] . With up to 512×512 pixels of 55 µm pixel size this type of PSD provides more than one order of magnitude better position resolution than the currently used pad detectors, allow also for a considerable improvement in angular resolution. It is expected that this will significantly improve the accuracy of the lattice location experiments.
The development of new beams of radioactive isotopes by the ISOLDE target and ion source group is on-going and in particular targets refractory chemical elements which are notoriously difficult to provide as radioactive ion beams. One example is the positron emitting isotope 11 C (20.3 min), which has recently been made available with high yields in form of the molecular ion beam 11 
